Abstract-Conventional wisdom states that, since the average amplitude of vowel articulation significantly exceeds that for consonants, an assessment of spoken intelligibility in obscuring noise should primarily be limited by consonant confusion. Furthermore, in both English and Chinese, consonant discrimination is considered to be more important to overall intelligibility than that of vowels. In the unbounded case, the assumption that vowel confusion is less important than consonant confusion may well be true; however, at least two situations exist where the influence of vowel confusion may be greater. The first is where vocabulary-specific restrictions confine the structure of a particular spoken word to alternatives differing primarily in their vowel. The second is the prevalence of non-additive white Gaussian noise (AWGN) interference, particularly impulsive noise which obscures only the vowel portion of a word, and similarly is present as a nonlinear effect of many time-sliced processing algorithms. This paper explores the issue of vowel intelligibility for spoken Chinese, where the confusion characteristics are complicated through the influence of lexical tone carried by the vowel in consonant-vowel-consonant (CVC) structure utterances. Experimental evidence from multilistener intelligibility testing are presented to build toward an understanding of the characteristics of Mandarin Chinese vowel confusion in the presence of AWGN. Results are also isolated by carrier word consonants and in terms of the lexical tone overlaid upon tested vowels. In particular, several factors relating to issues such as vowel length, tone combination and the crucial influence of the /a/ (IPA ) phone are revealed.
I. INTRODUCTION

S
PEECH-BASED technologies have become increasingly important over recent years, not least through the near ubiquitous availability of wireless voice technology such as mobile phones. Significant social and economic wellbeing now depend upon quality speech communication over these networks, and as such any factors which reduce their quality are best minimized or eliminated altogether.
Coincident with the expanding role of wireless voice technology has been the economic rise of China as an emerging world superpower. Rates of cellular telephony ownership in China are high, and growing. In all likelihood, there will soon come a time-if not already passed-when the majority of worldwide speech processing is operating on Mandarin speech. 1 In commercial terms, Mandarin speech communication is likely to constitute the worlds largest and most important telecommunications market. For these reasons, special emphasis has been paid to the intelligibility of Chinese speech, in particular in relation to the aspects of speech affected by those communications systems. Speech intelligibility assessment methods can be either subjective or objective. The former requires a group of human listeners, while the latter is typically conducted by automated systems. Tests can be made to evaluate either quality (how nice the speech sounds) or intelligibility (the ability to understand it). It is intelligibility evaluation which is the focus of the present paper: while perceived quality tends to sell systems, it is intelligibility which relates more closely to the ability to successfully conduct vocal communications.
Subjective intelligibility testing in Chinese has been performed using the proposed Chinese Diagnostic Rhyme Test (CDRT) standard for the past decade, enhanced with additions to assess tone discrimination, and the resulting evolution into a combined New CDRT (NCDRT) test methodology [1] . These tests, each based around part of ANSI standard S3.2 [2] , have been applied to evaluate several speech coders such as GSM 06.10 [3] and ITU G.728 [4] for the conveyance of Mandarin speech.
The diagnostic rhyme test (DRT) A/B forced comparison method is one of the more popular intelligibility evaluation procedures enshrined in ANSI S3.2. This presents word pairs differing by a single attribute to listeners (see Section III) [2] , who are informed of two possible choices, and asked to select the correct one. Attributes which are misidentified more often are classed as being more confused (or confusing) than others. Typically, two sets of word pairs are presented: one set has passed through a device under test (DUT), one has not. The difference between the confusion rates for attributes in each set is used to pinpoint the effect of the DUT on particular attributes. In the DRT, the differing attributes are simply the initial consonants from 96 rhyming word pairs. Published first by Voiers [5] in 1983, and used by the author for many years, the DRT demonstrates good repeatability and accuracy. In particular, this measure of intelligibility is considered a good predictor of overall speech intelligibility for a given system.
The NCDRT parallels the DRT methodology, but using Chinese words with a modified language-specific selection criteria. However, the tonal nature of Chinese (see Section II) which causes the understanding of Chinese words to be strongly dependent upon correct recognition of lexical tone, implies that measurement of consonant intelligibility alone is insufficient to predict overall intelligibility in Chinese. Thus, the NCDRT specifically includes an additional corpus of test words for the express purpose of identifying tonal confusion as a second important predictor of overall intelligibility.
In general, in a DRT-style two alternative forced choice test, by selecting the attribute by which particular word pairs differ, the effect of these different attributes in speech can be assessed and evaluated on a relative scale through their differential confusion scores.
All DRT and NCDRT part I rhyming tests present words differing in a single attribute: their initial consonant. By varying the chosen consonants among word pairs, several speech attributes, such as sibilation or nasality, can be highlighted and investigated. In these and many other intelligibility tests, consonants are chosen for testing due to their relative importance to intelligibility, coupled with lower average spoken amplitude. Tempest, giving a detailed breakdown of measured spoken phoneme amplitudes ( [6, ch. 4] ), states that of 30 different spoken English phonemes, the nine vowels are spoken with highest average amplitude. In his tests, the /o/ in "ford" was spoken with 28.3 dB higher amplitude than the /th/ of "thought." In fact, even the weakest vowel was 23.4 dB above the /th/ reference.
In traditional voice communications circumstances, such as in plain old telephone service (POTS) telephony, with obscuring noise being predominantly additive white Gaussian noise (AWGN) in nature, it is reasonable to assume that naturally quieter sounds will be confused more often and more easily than loud ones. Thus, when computing overall intelligibility, emphasis should be paid to the quieter phonemes: consonants, particularly voiceless fricatives and plosives. Furthermore, in unconstrained English speech, consonants can be shown to convey a greater degree of intelligibility compared to vowels (see [7, ch. 3] ). This provides a further rationale for the emphasis on consonants in intelligibility testing.
Clearly, no subjective test can exhaustively assess all phoneme confusions and combinations in a language. A listening test which lasts too long will invite listener fatigue and potentially be corrupted by learning effects. Thus, pragmatic subjective testing methods must emphasize certain language characteristics over others. Given the constraints available, the choice of consonants for DRT and NDCRT testing has been reasonable.
However, the author believes that vowel confusion also provides interesting and useful evidence which should not be ignored in intelligibility testing. There are several contributory reasons for this belief.
1) Modern speech systems no longer affect intelligibility predominantly through the action of AWGN. Digital erasure channels can exhibit periods of excellent signal-to-noise ratio (SNR) followed by total packet loss: lost or corrupted packets can just as easily affect vowels as they can consonants. Any test confined to consonant intelligibility would ignore the effects of something in the region of half of all random errors. 2) Some types of obscuring acoustic noise may also affect vowels and leave consonants relatively unchanged. For example, noise consisting of repetitive impulses (such as that produced by many machines, or even by rainfall-water drops striking a resonant surface) is likely to mask speech more by virtue of when the impulses occur rather than the spectral or amplitude distributions of the noise. It is similarly not difficult to imagine that noise may exist having a spectral distribution more easily able to mask vowels rather than consonants. 3) In a code excited linear prediction (CELP) coder employing a perceptually weighted candidate scoring system, it is simplistic to assume that a loud phone, simply by virtue of being louder, will be less corrupted than a quieter phone. 4) Although vowels tend to be loud on average, glides, nasals and even the voiceless fricative /sh/ in "ship" are similarly high in amplitude. Local variations in spoken amplitude may equally reduce the volume of particular vowels with respect to others (a 12-dB variation within a sentence is not unusual). 5) While consonants are highly important to English, they may be less so to other languages. The situation for Chinese in particular will be summarized in Section II, where it is the vowel, not the consonant, which conveys a lexical tone. Otherwise, in a constrained-vocabulary situation, such as the NATO phonetic alphabet, word choices which differ primarily in their vowel will naturally depend upon vowel recognition for their intelligibility. The hypothesis of this paper is thus first that vowel intelligibility is relatively independent of consonant intelligibility (in constrained CV[C] Chinese words), and second that significant variation exists in the intelligibility of vowels in CV[C] words despite the narrower range of spoken power across vowels compared to consonants. This provides evidence that the CV-structure NCDRT-style tests can, and in some cases should, investigate vowel intelligibility.
Experimental evidence will be gathered and analyzed to support these hypotheses, in particular using the NCDRT testing methodology to invite comparison with consonant and tonal testing results. Chinese is particularly suitable for the language of experimentation due to its properties of economic and social importance, its consonant-vowel-consonant (CVC) structure, and use of lexical tone on the vowel: however, it is expected that many of the results will be similar for English and other languages.
Section II will begin by overviewing the relevant characteristics of Mandarin Chinese, Section III will outline the test construction and implementation, Section IV will analyze the test results and discuss the implications of this evidence, before Section V concludes the paper.
II. MANDARIN CHINESE SPEECH
Chinese is written as a sequence of unique stroke-based pictograms called characters. Every character is associated with at least one meaning and at least one pronunciation. In fact, the alternative meanings for one character may be totally unrelated, particularly in the case of the simplified jianti-zi form characters used in the People's Republic of China (PRC), Singapore, and elsewhere. Jianti-zi characters were originally derived from the traditional fanti-zi or full-form, characters used in Hong Kong and Taiwan, through a method of simplification that reduced the number of pen or brush strokes required for writing them. The simplification often resulted in totally different complex characters being reduced to identical simplified characters; however, the meaning and pronunciation of the original was retained. Although two or more alternative pronunciations exist for many characters, the majority support only a single pronunciation. As mentioned, each character has a particular meaning and pronunciation, and may exist alone, or be aggregated into compound strings which can alter its meaning. In written sentences, there is often no typographical separation between neighboring characters: context and reader experience alone determine when characters are to be interpreted singly, when they are to be grouped, and if so how large is the grouping [8] .
A. Structure of Chinese Speech
When spoken, all Chinese characters are monosyllabic. Multisyllabic words are constructed from a string of characters. From this we consider the syllable as the basic unit of spoken Chinese [10] . Each of the character sounds can be written in the roman alphabet through the use of a hanyu pinyin romanization system [11] which will be used in this paper since it is in common use within China and is conveniently phonetic in nature. The Chinese Phonetic Alphabet (CPA) is similar, but includes several extra entries to account for the fact that the phonetics of hanyu pinyin are not totally invariant to context. Further information on the Chinese language and phonetics can be found in the analysis of DeFrancis [12] . Actually, the monosyllabic nature of Chinese confers a great advantage when performing subjective intelligibility tests compared to English: unlike English, all of the sounds presented to a Chinese listener can correspond to real words if so desired.
Furthermore, spoken syllables adhere to a CVC structure. Sometimes the initial consonant (C) is missing, and in many cases the final consonant is missing too, but the vowel (V) always remains. The final consonant, when present, is always nasal (N), being either /n/ or /ng/. Syllables thus conform to one of the combinations CVN, CV, V and VN, with about 415 permutations in use [10] . The consonants and vowels of Mandarin Chinese are listed in Table I (in fact many dialects of Chinese, including Hakka/Kejia, Cantonese/Guangdong-hua and Foochow/Fuzhou employ /ng/ in an initial as well as a final position, but Mandarin Chinese does not apart from the non-lexical use of /ng/ in isolation, typically as an interrogative). Note that some other phonemes exist, including the /er/ diminutive, very common as a final in Beijing Chinese (for the acoustics of Chinese vowels in the Beijing dialect see Zee and Lee [13] ).
From a simple listing in Table I it can be seen that there exists a narrower range of voiced consonants in Chinese compared to English, a fact that would logically tend to increase the relative importance of these features to overall language intelligibility.
Given an estimated 13 000 written Chinese characters in use, and only 415 phonetic permutations, it follows that a very large number of homophonic characters exist. However, the use of a lexical tone, applied to each and every spoken syllable, assists significantly in character differentiation [14] .
B. Chinese Tones
Mandarin has four distinct lexical tones plus a neutral, described as the lack of tone [15] . Applying a tone to a vowel means following a particular pitch contour during its utterance, with important criteria being the starting pitch, turning point (if any), gradient and ending pitch. Tone 1 has a relatively flat and consistent high-level frequency, tone 2 is mid-rising (meaning it starts at a middle frequency with an upward trajectory), tone 3 is mid-falling-rising and tone 4 is high-falling.
In order to more tightly define the tone, a numeric method was introduced in the 1930s (see [16] ), where the pitch range is divided into five levels, with 1 being the lowest, 3 being midrange, and 5 the highest. This method has been less commonly referred to in recent times, but does neatly describe each tone by a sequence of pitch levels as shown in Table II . It is also important to note that the very common hanyu pinyin representation of tone is easily confused with the similar IPA symbols. Descriptions of tone such as "mid" and "high" are perceived rather than physically defined within given frequency ranges, it could be argued that these terms are to be understood in relation to mean pitch levels over an utterance.
The exact contour of the neutral tone is less important, having been described as being half-low when following [16] . Some tones in Table II also change slightly if preceding a neutral, which will in turn follow the adjusted endpoint of the preceding tone.
C. Chinese and Intelligibility Testing
The Chinese language is well-suited to DRT-style subjective intelligibility testing. First, the CVC nature of Chinese characters means that a regular test can easily be constructed using known characters. The sheer number of character choices for each phoneme combination allied with a careful selection procedure, ensures that the two characters in each pair are approximately as common as each other (see Section III).
Although the role of consonants in Chinese intelligibility is arguably greater than that in English, the use of a vowel to carry the important lexical discriminator of tone, can be exploited during testing to either nullify or amplify the relative importance of the vowel by adjusting the role of tonal information used. The actual tonal and consonant confusions themselves, having already been established [1] , the adjustment in the current paper is to minimize the effects of these features and thus obtain vowel confusion information.
III. VOWEL INTELLIGIBILITY EXPERIMENTS
A. Experimental Design
A vowel confusion matrix, having 380 entries, can be obtained through experimentation whereby a word containing the vowel under test is spoken in the presence of noise, and listeners are required to indicate which vowel has been heard in an -alternative forced choice test (and for Chinese ). For example, "bad" is spoken and listeners may respond with "bed," "bid" or similar. Over many repetitions of all vowels, a table of confusion can be created.
However, there are certain difficulties with such a test. First, to negate the effects of familiarity (when listeners may be more likely to "hear" a common word than they are to hear a rare word [17] ), each possible combination should have equal probability of recognition in the absence of other effects. Traditionally, many experiments have used nonsense syllables to obviate this issue. This is fine in English; however, there are few unused combinations of CV words in Chinese: unless only a very limited set of CV combinations is explored, actual words must be used. For Chinese testing, the tone must also be considered-all of the possible alternatives should have common tone. Second, the requirement for a large confusion matrix would be for every vowel to be presented in the test, leading to an extensive test duration. Third, the effect of both tone and framing consonant(s) have to be taken into account. For example vowel confusion may differ when tested with certain initial consonants or tones.
There are two alternative approaches to accounting for the effect of tone and framing consonant(s). The first is to choose specific framing consonants and lexical tone and maintain these unchanged throughout the test [17] , [18] . Both would need to be chosen carefully. The second approach is to use a spread of framing consonants and tones, and conduct sufficient tests to average out the effects of both.
This paper pursues the second approach: we will construct a test that aims to present each vowel multiple times, with a range of initial consonants and lexical tones [19] . This allows for investigation of the hypothesis that vowel intelligibility is, on average, independent of initial consonant intelligibility. Once this hypothesis has been proven, the effect of the initial consonant can be averaged out, the process repeated for lexical tone and the second hypothesis (that significant variation exists in vowel intelligibility) pursued.
In Chinese, almost all initial consonants can be paired with every vowel and all, or nearly all, combinations exist with each of the lexical tones. This would provide good support for an -alternative forced-choice test, such as the four-alternative forced choice approach in [19] . When selecting test words, it is quite apparent that not all combinations among the alternatives are equally common (e.g., there are 415 permutations of Chinese CVC words excluding the lexical tone-these can be found tabulated at the University of Vermont [20] ). There is thus a need to select a reduced set of alternative words.
Since the ultimate aim of this testing is to provide evidence for the use of vowel-testing with an NCDRT structure, and a full range of alternatives cannot be supported in any case, the multiple alternatives were collapsed to two, and a DRT-style two alternative forced-choice test constructed using CV permutations across the full range of tones, consonants, and vowels.
B. Construction of the Experiments
Having decided upon an NCDRT structure for the experiments, the critical issue is thus the choice of word pairs-or rather the choice of attributes to differ between word pairs. In this case, the decision was made to roughly adhere to the length of the DRT in order to minimize listener fatigue, with words evenly spread, as far as possible, across four main lexical tones and 21 initial consonants, amounting to 84 word pairs, within which each vowel was to be evenly represented. Furthermore, as mentioned previously, it was required that the relative frequency of each word in a pair, in normal speech, be approximately equivalent to minimize any skew due to unequal familiarity. In fact this approach was generally possible except in some cases where suitable word pairs could not be found, for example due to the lack of appropriate characters having initials /q/ and /k/. Table III identifies both the preferred even spread, and the actual spread of the resulting 81 word pairs.
The full list of characters used for the vowel intelligibility testing is shown in Fig. 1 , giving the initial consonant, vowel and Chinese character for each pair, plus their tone. It can be seen from the list that the span of vowels covers several repetitions for each, matched with different consonants. The chosen words did not have any nasal finals and thus the terminating consonant of the CVC structure was null in each case-something which does not particularly limit the word choice but maintains consistency.
The aim when constructing the word list was to find three or four character-pairs for each initial consonant that spanned all of the vowels and tone combinations approximately equally. Ideally, all characters were to be in reasonably common daily use, and each character in a pair should match the other in commonality. Where more than three word pairs could be found, preference was to be given to words having the least common alternative pronunciations and lexical tones. A panel of Chinese mother-tongue speakers undertook the character selection process and this was refined during the pretest calibration procedures.
Characters were spoken by two announcers speaking standard Chinese: one male and one female. Both exhibiting clear and well-formed diction, but without a strong dialect (for example the /er/ final that is a feature of Beijing dialect was not present). The aim being to ensure that listeners, native Chinese speakers, were familiar and comfortable with the pronunciation and the words used [21] . Words were normalized by amplitude and had prefix and suffix consisting of at least 0.3 s of silence. Word presentation lists were randomized prior to any testing.
C. Calibration Testing
Calibration tests used a total of six listeners, and were conducted in a similar manner to the final experimental tests. However, each calibration testee repeated the entire procedure twice: once using white noise and once using rain noise. Equal numbers began with each type of noise, and then swapped over. It is interesting to note that the score difference between the two types of noise was less than 0.75%, and no evidence of learning effect between tests was observed: three listeners increased their score on the second test, and three decreased (net decrease was less than 0.5%).
All word pairs which exhibited either extremely poor or extremely good rates of recognition in the calibration tests were manually assessed to ensure accuracy. To further ensure quality, listener feedback was obtained regarding the test procedure, noise types, word choice, method of presentation and difficulty level. Apart from the decision to standardize on AWGN noise in the final experiment, no changes were made following the calibration tests.
D. Experimental Procedure
The final experiments were performed in a noise-free and distraction-free environment. Tests were performed using a computerized system that presented words (in both Chinese character form and hanyu pinyin as per [19] and [1] ) to the listener approximately 0.5 s prior to audio playback over headphones. Due to the silent prefix to each recorded character, additive noise began 0.3 s prior to playback of each word. Subsequent replay of presented sounds was disallowed, and the self-paced test deliberately did not have options to go back to, or correct, previous answers. The two alternatives were forced: there was no provision for a "don't know" answer. The system collected test statistics automatically.
The main experiment comprised 20 male and female listeners aged between 18 and 30. Listeners were preselected using two major criteria: the first being normal hearing, and the second being a level of familiarity with written and spoken Chinese to ensure that each of the characters used in the tests would be recognizable by them. Listeners, unpaid volunteers, were all mother tongue speakers of Chinese. They were introduced to the system through a familiarization session before the procedure began in an attempt to reduce training effects during the test.
The noise to speech SNR was adjusted based upon listener confusion rates (during calibration). The intention was to avoid a response score near to limits of either 100% or 50% since these extremes correspond respectively to perfect intelligibility, and to such poor intelligibility that the result score is indistinguishable from guesswork.
IV. EXPERIMENTAL RESULTS
Overall the level of AWGN obscuring the speech was such that 63.6% of vowels were correctly recognized, after guesswork elimination [1] with Fig. 2 showing the rates of confusion between tested vowels. Due to the large size of the confusion matrix between all possible vowel pairs (400), related to the test scope (162 words), many potential vowel pairs were untested following the test selection procedure, concentrating instead upon the likely most confused subset of the entire matrix. This approach mirrors that of other authors working in Chinese [19] and English [17] , [18] , [22] .
The most confused pairs of vowels were An interesting relationship evident in these results is in the influence of the phone /a/ toward vowel confusion. When ordering vowel pairs in order of confusion, the bottom 1/3 of the list (i.e. the least confused pairs) included the phone /a/ in one half of the pair. By contrast, the 1/3 most confused vowel pairs either did not include the /a/ or included /a/ in both vowels, i.e., the /a/ sound was not used for differentiation in those cases. It thus seems that in general, vowels containing /a/ are unlikely to be confused for a vowels that do contain /a/ and vice versa. For example, word pairs such as [jia, jiu] are unlikely to be confused because /a/ appears in only one of the alternatives, whereas [jia, jiao] are more likely to be confused because /a/ appears in both alternatives.
The experimental results can be presented according to the number of times words beginning with particular consonants were confused. This is still evaluating vowel confusion, but is considering whether the consonant before a particular vowel plays any part in the likelihood that the vowel following it is confused. In effect, this is investigating the nature of the framing syllable. Fig. 3 plots a histogram of the percentage of times that vowels framed by the named initial consonant were confused. Clearly, vowels with initials /j/, /n/, and /q/ were confused more often than others: two are palatals, one is alveolar. Although these were, on average, highly confused, out of the nine word pairs having these initials, only four were from the list of most confused vowels. By contrast, /b/, /z/, /f/, and /p/ initials were least confused: three are labials, one is a dental sibilant (although /z/ is often voiced). Note that, as expected, both the absolute percentage error attributed to initial consonant ( 9%) and the spread ( 7%) are significantly less than the figures obtained from the vowel contribution.
As a check on any undue influence by particularly erroneous word pairs, Fig. 4 plots the number of listeners who were confused by the same word pairs. The majority of the incorrectly recognized word pairs were only confused by a few of the listeners. In fact none of the word pairs was confused by all listeners, and only two of the 81 word pairs was confused by a majority of listeners.
At this point, it is possible to proceed with the testing of the first hypothesis in Section I that vowel intelligibility is relative independent of the initial consonant. This would be in line with a probability-based quantitative approach [19] , where the recognition probability of a phoneme, is related to the multiplicative recognition probabilities of the vowels , consonants and tones in (1): (1) where , , and are weighting parameters to account for the different importance of those features to overall intelligibility (recognition probability). There is some evidence to suggest roughly equal weighting factors in Chinese for CV phonemes [19] .
In the present experiment, the assessment of the correlation between the probability of vowel and that of consonant was performed using a Spearman ranking. In this case, words were ranked in terms of errors attributed to the vowel and errors attributed to the consonant. The Spearman correlation coefficient was obtained from the difference, between the nonzero rankings of the experimental results as in (2) (2)
Yielding a of only 0.25, there is thus only a very weak correspondence between error rates, vowel confusion depends primarily upon the vowel-pair under consideration, rather than upon the initial consonant. This supports the first hypothesis mentioned in Section I. The second hypothesis, that significant variation can be seen in vowel intelligibility, is also supported by the results, in particular those of Fig. 2 , where the error percentage ranges from zero to over 50% for different vowel pairs. It should be noted that the across-phoneme averaging implied in this analysis may hide the existence of certain specific vowel-to-consonant dependencies. These could be revealed using an experimental design which fixed a subset of consonants and tones for vowel testing; however, this would then lose the wider focus necessary for unconstrained phoneme combinations, of the first hypothesis.
The influence of tone on vowel intelligibility can be summarized by considering the average confusion rate for words carrying the four tones: vowels carrying tone 4 were the most confused overall; in 23% of cases, compared to tone 3 (20%), tone 1 (14%) and tone 2 (13%). Although the reason for this has not yet been isolated, it is probable that the steeper gradients of tones 4 and 3 play a part in obscuring the identity of the underlying vowel. While there may be no meaningful significance to the results between tones 3 and 4, and likewise between the results for tones 1 and 2, it is significant that tones 3 and 4 lend themselves to greater confusion levels than tones 1 and 2. Interestingly, dedicated tone intelligibility tests find that, in the absence of dependencies due to tone sandhi, tones 3 and 4 are least confused for other tones [1] , [19] . The current results are dissimilar in that they are not highlighting situations where one tone is confused for another, but rather where tonal shape, when applied to a vowel, lends itself to greater levels of vowel confusion (not tonal confusion). It thus appears that the least confusing tone(s) plays a part in reducing the intelligibility of the vowel which carries it. The probable interpretation is that the very aspect of tone that contributes to its intelligibility, namely the greater tonal modulation-in both time and frequency [23] -acts to distort the intelligibility of the vowel which carries it.
One final result from the testing was that two listeners reported that they considered that the length of the spoken vowel was occasionally the prime differentiating factor between two alternative vowels: even without recognizing the sound of the vowel itself, they felt it was possible to ascribe the choice correctly by listening to the length of the voiced section of the word. It is possible, albeit requiring further experimentation to clarify, that a similar process is at play during the operation of the McGurk effect [24] , at least in those phonemes not obviously distinguished through lip and visible tongue position.
To determine whether vowel length did in fact play a part in the test, the duration difference was measured between the vowels of each tested vowel pair. To ensure accuracy, this tedious measurement for all words was undertaken manually by an expert.
The results, presented in Fig. 5 , plot the percentage difference in vowel duration between the two vowels in the word pair, versus the number of incorrect answers attributed to that pair. The six highest and lowest duration difference values ( 1% and 50%) were excluded from the plot for clarity. Over the remaining sample values, averaged over more than 2000 data points, there is little evidence that the difference in vowel duration contributes to confusion. However, note the gradient of the trend line in Fig. 5 : words with greater difference in duration actually have a tendency to be mistaken more often. This is probably not indicating a general relationship. Further analysis confirms that the confusion does not reduce with the increase in the absolute spoken duration difference of vowels. In fact there is a slight correlation in the opposite direction: a weak relationship appears to exist between confusion rate and duration difference (when errors per vowel pair, and different in spoken duration, are quantized into bins of 10%, an exponential fit, which is slightly better than either linear or quadratic, yields a fairly poor correlation coefficient of 0.66). Finally, there was some evidence of vowel confusion, among the simple vowels at least, following a vowel loop [17] , where individual vowels on the loop were most often confused for their neighbors. For example, /i/ [i] was most often confused for /u/ [u] (44%), then for /e/ (27%). However, there were two significant deviations from a straightforward vowel loop, namely the confusion of /e/ for /u/ [u] (18%) and /a/ for /u/ [u] (11%).
V. CONCLUSION
This paper has discussed the role of the vowel in the intelligibility of Chinese CV structure words. It has assessed the confusion between different vowels through constructing and running a listening experiment using DRT-style two-alternative forced-choice word pairs. Hanyu pinyin vowels were presented randomly, framed with a succession of initial consonants, overlaid with a selection of tones, and presented to listeners in high levels of AWGN to identify the contribution to word intelligibility due to each vowel.
Results identified the most and least confused vowels, the contribution of initial consonant choice to vowel intelligibility, and the central role of the /a/ phone in vowel, and word, intelligibility for Mandarin Chinese. Overall, vowel intelligibility was found to be relatively insensitive to initial consonant choice, and vowel intelligibility itself exhibited significant variation across the range of Mandarin Chinese vowels.
The contribution of tone to vowel intelligibility was also explored, showing that tones 3 and 4 led to lower vowel intelligibility than tones 2 and 1, although when tested in isolation, tones 3 and 4 are typically more intelligible than tones 1 and 2. Finally, the issue of vowel duration, reported by some listeners as being important to their own perception during listening tests, was considered and found to not be a generalized result for discrimination of Mandarin in noise.
